Submarine canyons are complex geomorphological features that have been suggested as potential hotspots for biodiversity. However, few canyons have been mapped and studied at high resolution (tens of m). In this study, the four main branches of Whittard Canyon, Northeast Atlantic, were mapped using multibeam and sidescan sonars to examine which environmental variables were most useful in predicting regions of higher biodiversity. The acoustic maps obtained were ground truthed by 13 remotely operated vehicle (ROV) video transects at depths ranging from 650 to 4000 m. Over 100 h of video were collected, and used to identify and georeference megabenthic invertebrate species present within specific areas of the canyon. Both general additive models (GAMs) and random forest (RF) were used to build predictive maps for megafaunal abundance, species richness and biodiversity. Vertical walls had the highest diversity of organisms, particularly when colonized by cold-water corals such as Lophelia pertusa and Solenosmilia variabilis. GAMs and RF gave different predictive maps and external assessment of predictions indicated that the most adequate technique varied based on the response variable considered. By using ensemble mapping approaches, results from more than one model were combined to identify vertical walls most likely to harbour a high biodiversity of organisms or cold-water corals. Such vertical structures were estimated to represent less than 0.1% of the canyon's surface. The approach developed provides a cost-effective strategy to facilitate the location of rare biological communities of conservation importance and guide further sampling efforts to help ensure that appropriate monitoring can be implemented.
Introduction
By comparison with other regions of the continental slope, submarine canyons have been proposed as hotspots for biodiversity. Incising the continental shelf, they are typically characterized by high spatial heterogeneity and complex hydrographic patterns, and can act as conduits for larvae and organic matter from the shelf to the deep sea (Vetter & Dayton 1999; Tyler et al. 2009; Vetter et al. 2010 ). In addition to increasing habitat heterogeneity at the regional scale (De , submarine canyons also exhibit high habitat heterogeneity at the local scale (Huvenne et al. 2011) , which can result in further finer scale variations in biodiversity. Near-vertical walls within submarine canyons of the Bay of Biscay with particularly high percentage cover of biological growth (particularly cold-water corals, Lophelia pertusa, limid bivalves, Acesta excavata, and deep-water oysters, Neopycnodonte zibrowii) have been observed (Van Rooij et al. 2010a; Huvenne et al. 2011; Johnson et al. 2013) . Although rare and spatially limited, these structures may provide critical functions as refugia for certain species against anthropogenic impacts such as trawling (Huvenne et al. 2011) . As fisheries are often associated with the heads of submarine canyons (Morell 2007; Puig et al. 2012) , it is important to investigate which environmental factors within submarine canyons are responsible for local increases and decreases in biodiversity so that appropriate management and monitoring can be implemented.
Establishing biological spatial patterns is a crucial step in informing conservation measures. However, this is particularly problematic in the deep sea where biological samples are sparse and spatially limited. When investigating broad-scale submarine features characterized by high spatial heterogeneity, only small sections of sea floor may actually harbour high biodiversity or specific species of interest. Without prior knowledge of their likely distributions at high resolutions, important areas may be missed. As full coverage biological sampling is usually not feasible, techniques for producing full coverage predictive maps are being developed. These techniques are based on finding relationships between biological patterns and environmental descriptors derived from high-resolution acoustic maps (Brown et al. 2011) . Environmental descriptors such as slope, rugosity, aspect (orientation of steepest slope), bathymetric position index (BPI, measure of the relative height of a pixel in comparison to surrounding pixels) and curvature can be derived from bathymetric maps (Wilson et al. 2007 ), whereas sidescan sonar or multibeam backscatter can be used as a proxy for sediment hardness (Lo Iacono et al. 2008; Micallef et al. 2012) . Additional descriptors from sidescan sonar backscatter, such as image texture indices (e.g. homogeneity and entropy), skewness or kurtosis, can also be derived to help identify sea-bed composition (Huvenne et al. 2007; Blondel & G omez Sichi 2009; Isachenko et al. 2014) . Indices specific to canyon morphology, used to compare cross-section profiles, have also been successfully applied (De Leo et al. 2014) . As acoustic maps can cover larger extents of sea bed much faster than traditional biological sampling techniques (e.g. photographs or grabs), predictive maps covering entire regions can be achieved although only limited biological information may be available (McArthur et al. 2010) . These predictions can act as proxies for biological information until further sampling is possible.
Cold-water corals are one of the vulnerable marine ecosystems of interest as biogenic reefs can maintain particularly high biodiversity both across the reef itself as well as in comparison to the surrounding sea floor (Freiwald et al. 2004; Costello et al. 2005; Buhl-Mortensen et al. 2010; Henry et al. 2010) . Submarine canyons have been proposed as potentially suitable habitats for coldwater corals as their heterogeneous sea bed provides exposed hard substratum for attachment and canyon morphology creates more complex hydrographic patterns, which may be beneficial for filter-feeders (Mortensen & Buhl-Mortensen 2005; White et al. 2005; Orejas et al. 2009; Edinger et al. 2011) . Cold-water corals are also particularly vulnerable to trawling HallSpencer et al. 2002; Roberts et al. 2008 ) and as such, much interest exists for mapping their distributions. Global (Tittensor et al. 2009; Davies & Guinotte 2011) and large-scale studies of the Northeast Atlantic (Ross & Howell 2012) have been successful in creating habitat suitability maps, but higher resolution predictive maps are still needed to target specific areas where cold-water corals are likely to occur.
Many studies have found acoustically derived environmental descriptors to be useful in explaining biological distribution patterns and predicting habitat suitability (Dolan et al. 2008; Buhl-Mortensen et al. 2009; Monk et al. 2010) . However, few deep-sea studies have employed fine-scale speciesÀenvironment relationships to build full coverage predictive maps over the full extent of a submarine canyon. In this study, we used environmental descriptors derived from multibeam bathymetry and sidescan sonar backscatter to build full coverage predictive maps for biological characteristics of epibenthic megafauna (including abundance, species richness, biodiversity and cold-water coral presence) across four branches of the Whittard Canyon, Northeast Atlantic. Both general additive models (GAMs) and random forest (RF) were used, and in addition to a split-sample assessment, model predictions are further tested using an externally acquired data set. We also created ensemble maps of the results obtained to identify likely areas for which future sampling might be valuable, particularly with respect to vertical structures.
Material and Methods

Acoustic surveys
During the 2009 RRS James Cook 035 cruise, both multibeam (6130 km 2 , 50 9 50 m resolution) and sidescan sonar (3800 km 2 , 3 9 3 m resolution) surveys were conducted to map the Whittard Canyon, Northeast Atlantic. This submarine canyon is located east of the Goban Spur and links the continental margin of the Celtic Sea (200 m) to the Celtic Fan and Porcupine Abyssal Plain (4000 m) (Fig. 1) . Whittard Canyon is a dendritic system composed of four main branches joining at around 3500 m water depth to form a single wider channel.
During the last glacial period, it was part of the drainage system of a palaeovalley (Bourillet et al. 2003; Toucanne et al. 2008) , but its activity is now much reduced owing to its distance from the present-day shoreline (Reid & Hamilton 1990) .
The acoustic surveys were conducted using a shipboard EM120 multibeam system and a towed ocean bottom instrument (TOBI) mounted with a 30 kHz sidescan sonar. The bathymetry, processed using the CARIS HIPS & SIPS software suite to a 50-m-resolution grid, (WGS1984, UTM Zone 29N) was used to derive additional environmental layers (50 m resolution) such as slope, SD of slope, aspect (orientation of steepest slope split into two continuous measures: eastness and northness) and curvature (general, plan and profile), based on 3 9 3 pixel size windows. Surface area ratio and bathymetric position index (BPI, using neighbourhood sizes of 150 and 500 m, 1 and 2 km) were also computed (Fig. 2) . Flow direction and length layers (downstream to an outlet or sink and upstream from the highest upslope basin point) were also derived as calculating the direction and distance along the flow path of a watershed may provide a proxy for transport within the canyon. Layers were generated in ARCMAP 10 using the 'Spatial Analyst Extension' as well as the 'Land Facet Corridor Tools' and the 'DEM Surface Tools' developed by Jenness Enterprises (Jenness 2012a,b) . The TOBI sidescan sonar data were originally processed to a 3 9 3 m resolution grid using the in-house PRISM software suite (Le Bas & H€ uhnerbach 1998) . A 'true slant range' correction (whereby the bathymetry is used instead of an assumed flat sea bed; Le Bas & Huvenne 2009 ) and an across-track equalization of illumination on an equal range basis were applied during processing and values were normalized to a pixel value of 1000. The higher resolution layer was aggregated to 50 m resolutions by using the mean value in order to conform to the multibeam derived layers. Sidescan sonar backscatter was added to provide information on sea-bed type; high backscatter values are indicative of harder substratum types whereas lower values result from soft sediment absorbing the acoustic signal.
Benthic imagery
To complement the acoustic maps, 10 video transects were conducted during the JC-036 cruise using the workclass ISIS remotely operated vehicle (ROV). An additional three transects (dives JC-063, -064 and -065) previously collected in 2007 during the JC-010 cruise were also added to the benthic imagery data set. These transects were divided across the western and eastern branches of the canyon at depths ranging from 650 to 4000 m (Table 1) . With the ROV moving at an average speed of 0.08 m Á s À1 and an average height of 3 m off the sea floor, the down-looking colour video camera (Pegasus, Insite Tritech Inc. with SeaArc2 400 W, Deepsea Power&-Light illumination) was recorded on digital tapes and later converted to .mov using a Sony digital HD videocassette recorder. In cases where a vertical section of sea bed was encountered, video footage from the forwardlooking wide-angle camera (Atlas, Insite Tritech Inc.) was examined instead. Over 100 h of video were watched to identify and georeference megabenthic invertebrate organisms larger than 10 mm. As identification to species level could not always be achieved, morphospecies (visually distinct taxa) were used for the analysis. High-resolution stills (Scorpio, Insite Tritech Inc., 2048 9 1536 pixels) and specimens were also collected to help with identifications. The position of each individual animal on the sea floor was determined using the ROV's ultra-short baseline navigation system (USBL). Substratum type (soft, hard or mixed sediments as well as live coral or rubble) and terrain inclination gradient (flat, sloping, vertical or complex) were also recorded. Distances travelled within each of these patches were measured. Two lasers representing 10 cm on the sea bed were present for scaling. A frame was extracted every minute (representing a 5 m displacement) using QUICKTIME 7 PRO (Apple Inc.) and the distance separating the scaling lasers was measured in the image processing software IMAGEJ (http://rsbweb.nih.gov/ij/). These measurements were used to standardize transect widths to 2.5 m.
Transects were subdivided into segments of 50 m in length and the species records consolidated. However, as the topography of Whittard Canyon varied greatly, the distance between the geographical co-ordinates of two points would not accurately depict their three-dimensional (3D) separation. The vertical dimension was taken into account in ARCMAP 10 by using the 'Add Surface Information' tool in the '3D Analyst Toolbox'. This tool calculates the distance between two points based on the topography of a surface. Using the bathymetry raster as the input surface, the transects were separated into 50-m sections that took into account sea-bed topography. Differences between the lengths of 2D and 3D transects are reported in Table 1 . Abundance, species richness and Simpson's reciprocal index (1/D,( (Simpson 1949) were calculated for each transect and 50-m section. This index was chosen because it is more sensitive to changes in dominant species, whereas the importance of rare species is captured by species richness (Hill 1973) . Components of beta diversity, a' (percentage of species occurring in both a focal and neighbour sample), b' (percentage of species occurring in focal sample but not in neighbour sample) and c' (percentage of species occurring in neighbour sample but not in focal one) were also calculated between ROV dives (Koleff et al. 2003) .
Predictive modelling
General additive models (GAMs)
General additive models (GAMs) are similar to general linear models (GLMs) in that they allow the building of models with different error structures and link functions, but they are not limited to modelling relationships for which the form is known a priori (Crawley 2007) . Instead, they make use of non-parametric smoothers, such as regression splines or tensor products, which allows for the building of more complex (e.g. non-linear, non-monotonic) relationships (Guisan et al. 2002) . GAMs have the potential to explain additional variation, as compared to GLMs. However, consideration must be given to the appropriate level of smoothing to avoid over-fitting (Wood & Augustin 2002) . General additive models were used to build predictive maps for each of the biological characteristics calculated (abundance, species richness, Simpson's reciprocal index and cold-water coral presence). Abundance was log + 1 transformed prior to modelling to improve normality and was modelled using normally distributed errors. The Simpson's reciprocal index was also modelled using normally distributed errors. In the case of species richness, as the data were only composed of positive integers, a Poisson distribution was used whereas presenceÀabsence of cold-water coral colonies was modelled using a binomial distribution. For coral presence, only colonial, framework-building scleractinians were considered (Madrepora oculata, Lophelia pertusa and Solenosmilia variabilis), as they can be considered habitat-forming species. Environmental variables were assessed by forward selection; the variables resulting in the highest deviance explained were added one step at a time until no more statistically significant (P-value < 0.05) variables could be added. The significance of the addition was assessed by comparing the (Guisan et al. 2002) . Using the most parsimonious models, full coverage maps were created by predicting values for each pixel of the bathymetry. To avoid rescaling nonlinear relationships, such as diversityÀarea, the pixels show the expected value for a section of sea bed of the same area as sampled, i.e. 2.5 9 50 m or 125 m 2 . A measure of prediction variability was generated by mapping the SE associated with the expected value for each pixel.
Spatial correlograms, using Moran's I index of spatial autocorrelation (Legendre & Fortin 1989) , of the 50-m sections data set suggested that most of the spatial autocorrelation present occurred at scales <100 m, except for cold-water coral presence, which occurs at <50 m (results shown in Supporting Information S1). As such, the 50-m sections were systematically subsampled to create distances of at least 100 m, resulting in half the data set being considered for model building (similar results were obtained using either set of subsamples), except in the case of coral presence, for which subsampling was not carried out. The 50-m sections not used for model building were subsequently employed for model assessment. Statistical analyses were carried out using the statistical package R (R Development Core Team 2011) and the library 'mgcv'.
Random forest (RF)
Random forest (RF) is a technique whereby multiple decision trees are built based on random subsamples of the data and the environmental predictors, leading to the construction of a 'forest' (Breiman 2001) . Trees are built by binary splits such that the data are recursively separated into smaller and smaller groupings based on the best predictor variable available. As each tree will be built based on a different set of samples and environmental predictors, each tree will be different and once grown can be used to make predictions based on the rules developed at each node (Cutler et al. 2007) . Each tree provides an answer and the average (in the regressive case) is the expected value.
For each of the biological characteristics measured, a total of 1000 trees were built with 12 variables being randomly selected at each node. Full coverage maps were obtained by making predictions for each pixel of the bathymetry and uncertainty maps were calculated by taking the SD of the 1000 predicted values (one from each tree) for each pixel. Variable importance was measured using the out-of-bag (OOB) data, the part of the randomly subsampled data not used for building the tree. As values for the OOB data are known, a measure of accuracy (the mean squared error) can be obtained by comparing the known values with the estimates obtained when these samples are regressed along the trees (Hastie et al. 2009 ). Each predictor variable is then permuted, the accuracy measure recomputed and the mean difference averaged over all trees. The same data set as for the GAMs was used and functions from the R package 'randomForest' were employed.
Model comparison
The performance of each model was assessed by calculating the amount of variation explained when the predicted values were regressed against the known values from the 50-m sections that had not been used to build the models. The root-mean-square error (RMSE) was also calculated to give a more easily comparable measure between the observed and predicted values (Knudby et al. 2010) . However, as previous work suggested that split-sample assessment methods may yield overly optimistic results (Ara ujo et al. 2005; Randin et al. 2006) , comparisons with an independently collected data set were also carried out. This data set was comprised of four ROV video transects collected using the 1400 m-rated inspection-class sub-Atlantic Cherokee ROV Genesis on board the RV Belgica during the 2010 cruise 10/17b. These transects (B10-03, B10-04, B10-05 and B10-06) were acquired at an average speed of~0.3 m Á s À1 using four video cameras (including forward looking) and a digital Canon Powershot colour stills camera (250 W Q-LED illumination) and were located in the two inner branches of the canyon (Fig. 1) . Two parallel laser beams with a distance of 10 cm were used as a scale during sea-bed observations, and the sea-bed positioning was recorded using the IXSEA USBL Global Acoustic Positioning System (GAPS) system. These transects were analysed in the same manner as the ROV ISIS video transects. Using subsections of 50 m, the results obtained were regressed against the values predicted by the different models and the RMSE was calculated.
Vertical structures
As an association between vertical walls and high biodiversity was known for Whittard Canyon (Huvenne et al. 2011; Johnson et al. 2013) , areas with slopes >35°were selected and polygons representing individual steep vertical walls were created. Owing to the depths surveyed, the coarser ship-board bathymetry resolution causes slope values to be underestimated. Based on the imagery available, slopes >35°could potentially represent near-vertical walls (Huvenne et al. 2011) . Pixels predicted to be in the top 90% for at least four of the maps created for abundance, species richness or Simpson's reciprocal index for either GAMs or RF were identified. These selected pixels represented areas likely to harbour diverse communities with high abundances. The number of such pixels found within each polygon was calculated and standardized based on the surface area of the polygon. The same was carried out for pixels that showed high suitability for presence of corals (0.6 for GAMs and 0.8 for RF).
Results
A wide variety of sea-bed environments were observed within Whittard Canyon (Fig. 3) with a median substratum patch size <100 m and beta diversity measures indicating that only a relatively small percentage of species (<40%) tended to be shared between transects (results are shown in Supporting Information S2). The high turnover in species assemblages is one of the main reasons this study focused on biological characteristics as opposed to specific species assemblages. A total of 42,934 individuals and 202 morphospecies were observed in the initial JC survey, with the most commonly observed taxa (representing~60% of individuals) being xenophyophores (probably Syringammina fragilissima), Pentametrocrinus sp., Acanella sp., Lophelia pertusa, cerianthids and Anthomastus sp. The eastern and western branch harboured similar numbers of species, but abundance was much greater in the eastern branch (on average 82 individuals per 50-m section compared with 17). A greater percentage of the western branch was composed of flat, soft sediment (82% versus 53%) and deposit feeders were more common in this branch. In shallower (<1000 m) and deeper transects (>3800 m), cerianthids dominated the observations. Holothurians and ophiuroids increased in relative abundance at 2700À3700 m depth, with the former composing a greater percentage of observations in the western branch. Soft corals, particularly Acanella (or possibly Chrysogorgia) and Anthomastus, were predominant at 1500À3500 m in depth, particularly in more morphologically complex areas. Stalked crinoids appeared to be more frequent on hard bottoms whereas Pentametrocrinus was frequently observed in flat areas. Xenophyophores composed a large portion of observations in flat, soft sediments at 1200 m. In total, 58 morphospecies and 25,022 individuals were observed in the four transects of the Belgica cruise 10/17b, of which eight morphospecies had not been recorded in the previous survey. In these transects, the most commonly observed morphospecies were cerianthids, Kophobelemnon, and Madrepora oculata (representing~80% of individuals). Although the majority of the morphospecies observed in the Belgica transects had been observed during the previous cruises, their relative composition differed. Soft corals, possibly owing to the shallower transect depths, were not as frequently observed throughout the inner canyon branches. Instead echinoids (Cidaris cidaris and Phormosoma placenta), sea pens (Kophobelemnon) and cerianthids were more prevalent. Large aggregations of sea pens (particularly Kophobelemnon sp., but also Pennatula aculeata) were observed, at depths of 800À900 m and 900À1000 m, respectively, in areas dominated by soft sediments. Sea pen meadows composed of Pennatula sp. have been reported for submarine canyons of the western Atlantic (Baker et al. 2012) , and of Kophobelemnon sp. in other canyons of the Bay of Biscay . Few instances of areas dominated by mixed or hard sediments were recorded for the Belgica transects, but areas dominated by coral rubble or live corals in flat areas were more prevalent. Detailed species composition by dive, depth section and substratum type are presented in Supporting information S3ÀS5. When available, a representative image for each observed morphospecies was deposited in the online media archive of the SERPENT project (http://archive.serpentproject. com/view/sites/sea_14.html).
Transect lengths differed between dives (Table 1) , with dive JC-065 being the longest and the one with the overall highest abundance and species richness. However, the highest diversity at the transect level was observed in dives JC-100, JC-115 and JC-109. When averages based on the 50-m sections were compared instead, dives JC-114 and JC-116 had the highest abundance, species richness (with dive JC-109) and diversity as measured by Simpson's reciprocal index (with dives JC-100 and JC-109). Lowest abundance and species richness were found in dive JC-099 with low diversities (1/D), based on averaged 50-m sections, in dive JC-064. With dive B10-05, these transects represented those having the highest percentages of soft sediments in flat areas.
In both GAMs and RF, depth was the most important environmental variable for predicting abundance (Figs 4  and 5) . Although a general decrease in abundance with depth was observed, peaks occurred at~1200, 2200, 3000 and 3700 m. Coarse-scale BPI (2 km) indicated that lower abundances could be expected in flat regions and a similar trend was observed for curvature. Steeper slopes were expected to have higher abundances and although not selected by GAMs, RF also found surface area ratio to be a useful predictor. Downstream flow length indicated a general decrease in abundance towards the canyon thalweg. Differences in prediction extent between certain models were caused by the smaller extent of the TOBI backscatter layer.
As for abundance, depth and slope were also significant predictors of species richness in both GAMs and RF. An overall negative relationship with depth was observed, with the highest species richness recorded at 1200 m, whereas steep slopes (>20°) had a positive effect (Figs 4 and 6). Higher species richness was characteristic of regions with high SDs of slope, but a lower number of species was expected on strongly east-or west-facing slopes. Coarse scale BPIs (1 and 2 km) were good predictors in both GAMs and RF, and indicated lower species richness in flat areas, a trend also supported by the relationship observed with general curvature. The canyon thalweg also harboured lower species richness as indicated by the relationship with the downstream flow length and the decrease in species richness in low backscatter areas. For Simpson's reciprocal index, coarse scale BPIs (2 or 1 km) were more significant than either depth or slope in both GAMs and RF (Figs 4 and 7) . As for abundance and species richness, lower biodiversity was found in flat areas and a positive relationship with slope was observed. Although not selected by GAMs, RF also found depth to be important in predicting biodiversity. The relationship to plan curvature suggests that very fine-scale ridges may harbour higher diversity (1/D) than valleys.
Three species of colony-forming cold-water corals were observed: Madrepora oculata (39 colonies), Lophelia pertusa (3337 colonies) and Solenosmilia variabilis (383 colonies). Dive JC-116 in the eastern branch imaged the 120-m-high coral wall mapped by Huvenne et al. (2011) , whereas a smaller, sparser and less diverse coral wall was also found in the western branch during dive JC-109. Presence of cold-water coral was predicted in association with finer-scale variations in sea-bed morphology, with fine-scale BPI (150 m) being the first predictor selected by GAMs (Fig. 8) . RF also found finescale descriptors to be of greater importance than for the previous biological characteristics, with the SD of slope and general curvature as most useful (Fig. 4) . Cold-water corals were more likely to occur in areas of complex topography with higher rugosity as opposed to flatter areas. This was also apparent at the coarser scale as shown by the BPI (2 km) and the sharp decrease in coral presence towards the canyon thalweg. RF also highlighted the importance of depth and slope. Both RF and GAMs found TOBI backscatter to be a useful predictor of cold-water coral presence; the relationship identified by GAMs indicates a higher likelihood of coral presence in areas characterized by higher TOBI backscatter, which is indicative of hard substratum.
In the case of abundance, uncertainty ( Fig. 5B and D) was highest in shallower and deeper sections of the canyons past the limit of the available data. Higher variability in the predictions of species richness ( Fig. 6B and D) and Simpson's reciprocal index ( Fig. 7B and D) was observed in association with the canyon walls in elevated areas characterized by steep slopes. Higher overall variability was typically observed for RF predictions. Overall, GAMs appeared better able to model the biological characteristics of interest using the available environmental variables (Table 2) . GAMs were able to explain 59.3% of the variation in species richness, 43.2% in abundance and 29.7% of Simpson's reciprocal index, compared with 30.6%, 33.1% and 23.4% when RF were considered. However, RF consistently scored higher than GAMs when the removed portion of the data set was compared. When a completely independent data set was used, models for abundance and Simpson's reciprocal index were only able to explain a small percentage of the variation observed whereas the model for species richness was not significant. Differences in relative species composition were apparent (Supporting Information S2 and S3) and may in part result from the shallower depths (depths for which highest abundances and species richness were consistently showing greater deviations from predicted values (Fig. 9) . Model agreement between GAMs and RF varied around~55%, with the most similar model produced for species richness, with a 64.3% agreement, when values at the position of the data points used to build the models were compared. When the predictions for the entirety of the canyon were compared, model agreement fell to~30% with the highest agreement for diversity at 40%. Although coral presence was found to have the highest percentages of deviance (GAMs) and variance (RF) explained, 59.8% and 41.0%, respectively, agreement between the two models was lowest at just 17.7% for the sampled locations. When finer-scale environmental information was incorporated into the model (identified from the video data), performance was increased by an additional 16.9% and 13.5% for GAMs and RF, respectively, in the case of abundance, and 3.4% and 8.7% in the case of species richness (Table 2) . Fine-scale substratum and terrain gradient did not appear to help model Simpson's reciprocal index. The highest abundance and species richness were found in areas of vertical walls covered by the cold-water coral Lophelia pertusa (Fig. 10) . In these 50-m sections, average abundances of 734 individuals and 15 different morphospecies were recorded.
Only 33.4 km 2 (representing 0.52% of the 3D area of canyon surveyed) of sea bed in the Whittard Canyon was likely to have vertical walls and only a total of 9.4 km 2 of sea bed or 0.15% had vertical walls shallower than 2000 m in depth where colonial cold-water corals were likely to occur. However, even fewer vertical areas were identified as probably harbouring high abundances, species richness or diversity (1/D), and even more rarely to be suitable for coral growth (Fig. 11 ). These respectively represent 11.2 km 2 or 0.17% (4.3 km 2 or 0.07% shallower than 2000 m depth) and 1.5 km 2 or 0.02%.
Discussion
Although submarine canyons are numerous [Harris & Whiteway (2011) identified over 5800 large canyons worldwide], very few have been mapped to high resolutions and even fewer attempts have been made to build full coverage biological maps. Both GAMs and RF, although predictions differed, were able to produce useful predictive maps for abundance, species richness, Simpson's reciprocal index and cold-water coral presence. Such differences in predictions between different models are not unexpected (Ara ujo & New 2007; Palialexis et al. 2011) , and consideration of both model outputs is necessary when building ensemble predictions that can strengthen conclusions.
Whittard Canyon processes and ecology
The environmental parameters selected as most useful in modelling abundance, species richness and diversity (1/D) support what is currently known of the ecology of submarine canyons and cold-water corals. The morphology of Whittard Canyon combined with water-mass properties and dominant currents within the Bay of Biscay indicated that our predictive maps are consistent with spatial patterns documented for other submarine canyons in this region. Deep-sea organisms are mostly reliant on the flux of organic material from the sunlit surface waters, which decreases exponentially with depth (Lutz et al. 2007) . Although the complexity of canyons and their role in channelling material from the continental shelf may create significant variations in the spatial trends observed, decreases in abundance or species richness from a canyon's mid-slope towards the abyssal plain have been observed (Currie & Sorokin 2014; Duffy et al. 2014; Frutos & Sorbe 2014) . In this study, depth (or other unmeasured co-varying environmental factors) appeared as a particularly strong predictor for both megafaunal abundance and species richness. Within Whittard Canyon a general decrease in organic content with depth has previously been found, but with the canyon floor showing local enrichment as compared with the nearby slope (Duineveld et al. 2001) .
The highest species richness in Whittard Canyon was found between 1200À1300 m at a large coral wall dominated by Lophelia pertusa. These observations coincided with bottom nepheloid layers (1200À2000 m in depth) and increased suspended particulate organic matter (Huvenne et al. 2011). These nepheloid layers are related to the interface between the Mediterranean Outflow Water (MOW), a slightly warmer and more saline water mass that originates as a density-driven overflow and flows northward along the continental slope past the Celtic Margin and Porcupine Bank, and the lower salinity Labrador Sea Water ( van Aken 2000) . The interface between these layers may result in locally focussed hydrodynamic processes such as internal waves, which may help keep organic matter in suspension, creating an enhanced food supply for the coral colonies (Mienis et al. 2007) . This increased food supply may also propagate downslope and help explain why the highest density of corals found in Whittard Canyon (Huvenne et al. 2011 ) was located deeper than the potential density envelope suggested to be optimal for coral growth in the Northeast Atlantic (Dullo et al. 2008) . Increased flow velocities were also associated with an increase in the density of filter feeders along the slope of the nearby Goban Spur at 1000À1500 m in depth (Flach et al. 1998) . Similarly, dense assemblages of oysters, Neopycnodonte zibrowii, were found in association with the shallower (~500À800 m) interface of the Eastern North Atlantic Water and the MOW in a different branch of Whittard Canyon (Johnson et al. 2013) , and in another canyon of the Bay of Biscay (Van Rooij et al. 2010a) .
In addition to keeping food in suspension, it is suggested that the hydrodynamic regime of the Bay of Biscay has resulted in erosional features characterized by Table 2 . Model performances in percentages. Values reported represent deviation explained for general additive models (GAMs) and variation explained for random forest (RF), except for the evaluation of cold-water coral presence against independent data, which represents measures of accuracy. For the modelled data, percentages in parentheses represent the additional variance explained when fine-scale environmental variables extracted from the imagery were also considered. For model agreement the first value is the percentage agreement when only values at sampled locations were compared, whereas the percentages in parentheses represent a comparison using the entire extent of the prediction maps.
Model performance (%)
Modelled data NA, Not applicable; NS, Not significant. Fig. 9 . Root-mean-square-error for the different types of model assessment: modelled data (black circles), split-sample data (red triangles) and independent data (blue diamonds). GAM, general additive model; RF, random forest.
step-like banks with walls of hard substratum suitable for attachment (Van Rooij et al. 2010a) . The MOW flowing from east to west affects the morphology of the sea bed with the eastern flank receiving higher sediment deposition whereas the western flank acts as an obstacle that intensifies bottom current and leads to increased erosion (Van Rooij et al. 2010b ). Comparable step-like features were visible in portions of the east-facing coral wall found along dive JC-116 on the western flank of the eastern canyon branch. Similar patterns have been observed for cold-water coral occurrences in Penmarc'h, Guilvinec (De Mol et al. 2011) , Dangeard and Explorer canyons of the Bay of Biscay, whereas Lophelia pertusa frameworks were also associated with vertical cliffs in the Lacaze-Duthiers canyon, northwestern Mediterranean (Gori et al. 2013) . Solenosmilia variabilis was also observed in the Lophelia pertusadominated wall, but was also found to occur deeper (up to 1850 m). All biological characteristics measured in this study decreased towards the thalweg. As indicated by the relationships with BPI, SD of slope and curvature, this decrease towards the thalweg may result from a reduction in habitat complexity. As opposed to the more morphologically diverse canyon walls, where overhangs and gullies were observed, the thalweg was, for the most part, characterized by flat areas of soft sediment. High numbers of cenrianthids, ophiuroids and Acanella sp. were sometimes observed in flat sediment areas, but diversity remained low. Of course, this analysis focused on epibenthic megafauna, and patterns in the infauna may show very different trends. However, macrofaunal abundance and biomass in Whittard Canyon decreases with depth, with their composition changing with respect to the relative abundance of different feeding types (Duineveld et al. 2001) . Positive associations with topographic variability, as measured by fine-scale BPI, SD of slope or rugosity, have been reported for coldwater coral occurrences (Henry et al. 2010; Rengstorf et al. 2013) , and these variables have also been found to help explain benthic community composition (Jones & Brewer 2012; Henry et al. 2013) . More frequent disturbances within the canyon's thalweg owing to density flows or turbidity currents could also explain the reduced diversity. Similarly, they could also explain the reduced species richness found at shallower depths towards the head of the canyon where more physical activity could be occurring. Patterns of reduced diversity, although mediated by productivity, have been recorded for polychaetes in areas of canyons characterized by frequent disturbances (Paterson et al. 2011) . Lowered infaunal species diversities have also been found at the head of the active La Jolla canyon (Vetter & Dayton 1998) .
Overall, the morphological complexity of the canyon has led to rich habitat diversity with high species turnover. Although no comparisons were carried out with transects on the continental slope, this high local variation appears to provide multiple niches, which would promote species co-existence and positively influence regional diversity. Although a few species appeared in multiple habitats (Acanella sp., Anthomasthus sp. and cerianthids, although species-level identification could not be achieved and may lead to further differentiations), many were restricted to a specific set of environmental conditions and very few transects were dominated by a single species. These most common taxa appeared in relatively wide depth bands. Similarly wide depth bands (800À2100 m) were found for Anthoptilum, Anthomastus and Acanella on the Mid-Atlantic Ridge (Mortensen et al. 2008) .
At two distinct depth bands (700À1000 m and 3700À4000 m), cerianthids appeared to dominate the observations, suggesting that, although morphologically similar, at least two separate species probably occur within Whittard Canyon. At the deeper depths, cerianthids were observed buried in soft sediment, whereas along the shallower transects they were observed along a semilithified sediment wall. Along this transect, burrowing ophiuroids were also repeatedly observed, forming an assemblage similar to the one described for canyons of the South West Approaches, Northeast Atlantic ). These authors also described Kophobelemnon stelliferumÀcerianthid assemblages, in which high abundances of Pentametrocrinus and xenophyophores were also found. In the present study, Kophobelemnon and cerianthids were observed along the shallower transects carried out in the inner branches. Syringammina fragilissima was the dominant species along transect JC-114, at depths (1200 m) similar to where high densities of xenophyophores (probably Syringammina sp.) were also reported for the Gully canyon, Northwest Atlantic (Kenchington et al. 2014) . This species has also been reported for the upper Nazar e canyon (1500 m), Northeast Atlantic, where they occur on steep sediment-covered slopes in areas of enhanced food fluxes (Gooday et al. 2011) .
Within particular habitats the presence of certain species, such as cold-water corals, appeared to have a further influence on biological characteristics. Although the diversity of octocorals has been found to decrease in Lophelia pertusa reef environments (Morris et al. 2013 ), in the current study when all taxa were considered, vertical walls dominated by cold-water corals were found to have the highest diversity of all habitats observed. This may be the result of ecological facilitation whereby the 3D coral structure could provide attachment for a variety of sessile species, positively affect hydrodynamic patterns for filter feeders or provide a complex habitat affording protection against predation (Buhl- Mortensen & Mortensen 2004; Clark et al. 2008) . By comparison with observations on the Mid-Atlantic Ridge and in many other cold-water coral areas, Acesta excavata and crinoids were found to associate with Lophelia pertusa (Mortensen et al. 2008) . In addition, Actinauge sp., Desmophyllum sp., Echinus spp., Gorgonocephalus sp., Geodia spp. and various species of soft corals were commonly observed. These particularly rich and populated habitats may also help maintain the regional diversity by acting as sources to help colonize less suitable (sink) habitats (De Leo et al. 2014 ).
Assessment and limitations
As variations in bottom-water temperature, salinity and oxygen concentration within Whittard Canyon tend to co-vary with depth (Duros et al. 2011) , the lack of finescale layers describing hydrographical conditions is not expected to be a major limitation of the present study. However, adding information on average current velocities or temperature and salinity across different water masses has been found to help explain the spatial patterns of species in other studies (e.g. Henry et al. 2013) . The bathymetry-derived environmental descriptors were able to explain a good percentage of the spatial variation observed in biological characteristics; still, a significant percentage remained unexplained and finer-scale information on current speeds in areas of internal waves or local variation in food supply may prove useful. Unfortunately, the information was not available at the appropriate fine scale for the entire canyon. Similarly, a detailed sea-floor sediment interpretation map was not available for Whittard Canyon. The increase in model performance obtained when imagery-derived environmental descriptors were included indicated that fine-scale substratum information would be valuable. Although sidescan sonar backscatter can be used as a proxy for sediment hardness, the complex morphology of the canyon sea floor affects the angle of incidence, and therefore backscatter strength. Although 'true slant range' correction was applied during processing, the backscatter was still visibly affected by sea-bed morphology, only providing a useful proxy for sediment hardness in flatter areas.
Presently, the spatial predictions presented represent only a snapshot in time, whereas spatial patterns may continue to change over time. Although temporal variability in submarine canyons can range from diurnal (Matabos et al. 2014) to seasonal (Juniper et al. 2013 ) to short-and long-term geological time scales, the major influence on abundance and species diversity observed in this study was associated with long-lived reef-building coral colonies. For the scale of this survey, no temporal differences were observed between the ISIS ROV surveys of 2007 and 2009. As such, the additional 1-year time difference with the externally collected data set (ROV Genesis) is unlikely to be the reason for the disparity in estimates. As mentioned before, the more plausible causes are the differences in depth and substratum composition.
With the current environmental information available, the statistical approach that produced the best predictions depended on the biological characteristic of interest. RF had been found to outperform many other statistical techniques including GAMs when predicting distributions of tree species (Marmion et al. 2009b ), but comparable performances were obtained for butterflies (Marmion et al. 2009a) . However, GAMs were found to be more successful in predicting fish abundance as opposed to RF, which performed better for species richness and diversity (Knudby et al. 2010) . These authors attribute this difference to the binary splits of tree-based methods having more difficulties in predicting extreme values. As the results of RF do not lead to clear relationships between the response and the environmental variables, a more effective approach might be to use GAMs first for data exploration and variable selection and then to use RF for prediction (Baccini et al. 2004 ). In our study, although the external data set came from the two inner canyon branches for which no previous data were available, it did not suggest that one model consistently outperformed the other. However, the assessment clearly indicated that great care must be taken when considering prediction outputs, particularly if only a split-sample assessment was possible and if extrapolation outside of the originally sampled area was carried out.
Conclusions
Within Whittard Canyon, the highest abundance, species richness and diversity (1/D) were found on vertical structures. However, it is clear from our study that areas predicted to have such potential are very spatially limited. Out of the 100 h of benthic imagery collected, very few such walls were encountered, and our analysis suggests that less than 0.1% of the canyon's surface area may harbour a structure similarly colonized.
This study provides an example of how important ecological areas can be identified using remotely acquired acoustic sea-bed mapping techniques and a limited amount of biological information. Such an approach provides a cost-effective strategy to facilitate the location of rare biological communities and help ensure that appropriate monitoring can be implemented. Without the continued production of adequately assessed high-resolution biological maps to inform sampling designs, the spatial complexity of diversity patterns within large geomorphological features may be underestimated and rare diversity hotspots may remain difficult to find.
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